In general terms, robustness is the capacity of biological systems to function in spite of genetic or environmental perturbations. The small and compacted genomes and high mutation rates of RNA viruses, as well as the ever-changing environments wherein they replicate, create the conditions for robustness to be advantageous. In this review, I will enumerate possible mechanisms by which viral populations may acquire robustness, distinguishing between mechanisms that are inherent to virus replication and population dynamics and those that result from the interaction with host factors. Then, I will move to review some evidences that RNA virus populations are robust indeed. Finally, I will comment on the implications of robustness for virus evolvability, the emergence of new viruses and the efficiency of lethal mutagenesis as an antiviral strategy.
they must cope not only with deleterious mutations but also with dramatic and fast fluctuations in their environments.
Keeping in mind the definition of GR, a way of estimating it is to evaluate the effect of large collections of individual point mutations on viral fitness. If a point mutation i reduces the fitness of a genotype with respect to that of the wild-type in an amount s i , then the average effect across the collection of point mutations can be seen as a measure of mutational sensitivity and, henceforth, as an inverse of GR. In other words, if the average effect of mutations on a virus is small, we conclude it is robust. By contrast, if the average effect is large, we conclude the virus is brittle.
Potential mechanisms for viral GR
In a previous review, we elaborated on possible mechanisms by which RNA viruses may attain GR [ Figure 1A ). When neutral and back mutations are considered, the population average equilibrium fitness depends on the geometry of the fitness landscape, which can be described by [11] . In this scenario, a new selective pressure comes into play at high mutation rates, pushing populations towards regions of the landscape with high density of neutral mutations -a neutral network (NN) ( Figure 1B )- [11, 21, 22] . As a consequence, the whole population evolves increased GR.
A third mechanism of GR is high ploidy [15, 23] . Viruses are n-ploid organisms, as n is Different modes of genome replication may also affect GR [24] . By always using the same molecule as template, the stamping-machine strategy produces offspring with a minimal number of mutations, whereas the geometric replication strategy, by using progeny genomes as templates, generates offspring with a number of mutations that increases geometrically. Furthermore, it has been shown that, in combination with selection, the stamping-machine accumulates less mild-effect mutations than geometric replication [24] . Indeed, the difference between both replication schemes in terms of minimizing deleterious mutational load is enhanced if mutations show antagonistic epistasis [24] .
A last mechanism of intrinsic GR is viral sex, resulting from recombination between homologous molecules or in segregation of segments in a multipartite genome. Sex recreates mutation-free genotypes and helps to keep the average population fitness high. 
Evidences of GR in RNA viruses
The first evidence that RNA viruses have evolved some sort of GR comes from in silico studies analyzing the stability of RNA folding. In a pioneering study, Wagner and
Stadler [30] compared the GR of highly conserved RNA secondary structure elements with that of non-conserved elements for three viruses (Denge virus, Hepatitis C virus (HCV) and Human immunodeficiency virus type 1). They hypothesized that conserved elements, given their functional importance must be more robust than non-conserved elements. This hypothesis was supported by the data, thus concluding that the sequences and structures of important conserved domains had evolved to minimize the impact of mutations. Recently, the observation for HCV has been confirmed using a much larger dataset [31] .
In a set of computational studies, Sanjuán et al. [32, 33] explored the GR of all viroid species. Viroids have been classified into two families according to biological properties and sequence similarity [34] . Interestingly, members of the Avsunviroidae fold into highly branched structures, whilst those from the Pospiviroidae fold into very compact rodlikes. Given that a branched structure seems more fragile than a rodlike, it can be hypothesized that the pospiviroids may show characteristics of GR whereas the avsunviroids may not. Results confirmed this expectation: was much larger for the avsunviroids than for the pospiviroids [32] and epistasis was, on average, antagonistic for the former but synergistic for the later [33] . host. These two viroids largely differ in their replication rates and in the extent of genetic variability they generated within host. Chrysanthemum chlorotic mottle viroid (CChMVd) generated lots of variants after being inoculated but accumulated to very low titers. Chrysanthemum stunt viroid (CSVd) accumulated to very high titers but showed little genetic variation. The authors hypothesized that CChMVd may represent a case of a flat organism replicating in a NN whereas CSVd may not so. To test this hypothesis both viroids were co-inoculated into the same plants and allowed to compete. As expected, CSVd quickly outcompeted CChMVd owed to its faster replication rate ( Figure 1A) . However, when mutation rate was artificially increased by UVC radiation, the situation was reversed and CChMVd persisted in the mixed population ( Figure 1A ).
Sanjuán et al.
[37] provided a second confirmation of the SF effect. Two Vesicular stomatitis virus (VSV) populations that differed in evolutionary history were chosen.
Population A was formed by individuals that on average had lower fitness than those from population B but that were more diverse in fitness ( Figure 1A ). The authors hypothesized that population A was the flattest while population B was the fittest. As in the viroids case, these two populations were allowed to compete in standard conditions and at increasing mutation rates (by adding either 5-FU or 5-AzC). The results showed that while population B outcompeted population A at standard conditions, B was able of reverse its fortune as the concentration of mutagens increased.
As I mentioned at the beginning of this review, it has been proposed that plastogenetic congruence may drive the evolution of GR. 
Consequences of GR Does GR promote evolvability?
There is not easy answer to this question since opposing results have been reported.
McBride et al.
[39] used some of the φ6 robust and brittle clones generated in [35 * ] to test whether they differed in their ability to adapt to a new thermal niche. All clones were originally evolved at 25 ºC and had very low viability above 45 ºC. The selected clones were evolved for 50 generations under periodic pulses at 45 ºC. At the end of this evolution phase, the fitness of all evolved lines was tested at 45 ºC. As expected, the robust clones had achieved higher fitness than the brittle ones. Two arguments can be brought forward to explain this discrepancy. First, the relationship between robustness and evolvability may be time-dependent [44, 45] . At the short term GR will buffer the effect of any potential beneficial mutation, thus hampering adaptation. Only at the long-term will GR bolster evolvability by allowing populations to drift in the NN until reaching distant parts and facility the switch to different NN. Second, to confer GR and evolvability, the size of the NN needs to cover most of the genotypic space; otherwise only small regions would be explored [46] .
New data need to be obtained to solve this controversy.
Does GR diminish lethal mutagenesis?
Lethal mutagenesis (LM), that is viral extinction mediated by enhanced mutation rates, has been proposed as a potential therapeutic strategy [47 * ]. A critical issue regarding LM as an antiviral strategy is whether virus mutants resistant to the mutagens can be selected. Obviously, GR may be relevant for the emergence of such mutants. The scarce data available do not provide a definitive answer to the above question. 
